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ABSTRACT 


This experiment deals with the determination of 
the effect of the size of a lever upon the time required 
to operate it. 

The equipment was built to provide a emstant 
torsional resistance wiich was to be overcome by an opera-~ 
tor using a lever that moved between two mechanical stops. 

A kymograph was used to register the time and 
provided an effective means to analyze the operator perfor- 
mance in regard to time used to operate, as well as to pace 
maintained and correct operation. 

Ten subjects were used; they were college satudents 
and varied considerably in age and physical characteristics. 

Twenty-five combinations of five levers of differ- 
ent sizes end five different torques were used. All the 
operators were instructed to operate the lever at the maximum 
possible speed that they thought they would be able to main~ 
tain during eight seconds. 

The position of the operator relative to the equip- 
ment was kept constant and such that his elbow was 16.4 inches 
above the shaft sround which the lever rotated (this length 
corresponds to the average lever size) and the forearm length 


away from it. 
It was concluded that, under the conditions of the 
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experiment and for the group of operators who performed 


the tests, 


(a) 


(b) 


(o) 


(4a) 


when the torque increases and the lever size 
is kept constant, the time required to operate 
imreases closely proportional to the torque. 
The time required to operate is closely pro- 
portional to the distance that the hand has to 
travel. 

The path that the hand has to travel is, prob- 
ably, the predominant factor determining the 
time for operation. 

The 10-inch lever requires the minimum time 
for operation and the 25-inch lever requires 


the mximum time for operation, 
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INTRODUCTION AND FURFOSE 


When one examines a sodern machine tool, generally 
he is led to the conclusion that it has achieved a relative- 
ly high degree of perfection in regard to the performance of 
its mechanisms, lLowever, if further consideration is given 
to the analysis of its adequacy in regard to its use by the 
human element, it is not always possible to arrive at a sim- 
flar conclusion, Only by camplete integration of machine and 
operator is it possible to get complete efficiency in machine 
tool operation. 

One of the elements which contributes to efficient 
operation of machine tools is adequate controls. The deter- 
mination of adequate controls for different situations which 
exist in practice is an important problem that has not been 
given much consideration. Therefore, in developing a machine 
the design engineer probably will find inadequate information 
to use in order to met the needs of the required ease of 
operation. 

The experiment which is described in this paper 
originated from the desire to give a small contribution to 
the advancement of the knowledge of the immense field of 
application of handwheels, cranks, levers and knobs. 

The author chose levers as his problem and aimed 
to determine that lever size whieh requirea the least tims 
to operate when used to overcome a constant torsional resis- 
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A SURVEY OF THE LITERATURE 


The literature available dealing with research on 
the fleld of levers is not very extensive. 

Barnes? discusses the sub ject of levers, crossbars 
and handwheels in regard to their position in machine tools 
and gives results of related studies, 


Kune“ 


presents a discussion of studies dealing 
with determination of the effectiveness of levers, crossbars 
and handwheels under several different oo nditions, 


5 present e general 


Chapanis, Garner and Morgan 
study, as well as a group of experimental results, of the 
subject of controls of airplanes. This study is primarily 
devoted to the analysis of control forces, These authors 
also discuss other kinds of controls, such as handwheels and 
cranks, as well as several types of movements which are of 


interest. 


1. Barnes, 8 M., “Prinolples of Motion Economy as Related to 
the Design of Tools am Equipment", Motion and Time Study, 
John Wiley end Sons, Ine., New York, 1951, Chap. ° 


2. Kthne, W. F., "Studies on the Optimum Force Exerted on 


Machine Controls", Industrielle Psychotechnik, June, 1927, 
Vol. III, No. 6, ppe 67-178, — 


3. Chapanis, A., Garner, W. R. and Morgen, C. T., "Controls 
for Human Use", Low We Make Movements, Applied Experi- 


mental FPayehology -- Euman Factors in sngineeri Design, 
John Wiley & Sons, Inc., New York, 1949, pp. Le 30; 
264-297. 
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MeFarland* di seusses results of studies of econ- 
trol forees related to the performance of the pilot of an 
airplane who operates sticks or wheels; he also analyzes 
the problem of maxima, minima and desirable forces. 

Davis® gives the results of research in the field 
of handwheels, cranks am crossbars and discusses related 
problems. 

The existence of so limited information on the 
subject of lever operation seems to indicate the need for 
further study in this field and makes researeh dealing with 
it worthwhile to consider. 


4. MoFarland, R. A., Human Factors in Air ote Design, 
MoGraw-Hill Book Co., New York, 1946, PP. - : 


5. Davis, L. £., "Manual Controls", Machine Design, septen- 
ber, 1949, Vol. 21, pp.127-150. 
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EXPERIMENTAL FROCEDURE 


While designing the experimental procedure, the 
author kept always in mind his intention of setting up the 
experiment in a wey that resembled a practical situation and 
such that, if any useful results were obtained, they would 
represent an answer to a question whieh might arise in prac- 
tice. 


EQUIPMENT 


The equipment was built to provide a means of ap- 
plying a constant torsional resistance to a rotating shaft. 
This was to be turned at a certain angle (90°) with the use 
of a lever attached to one of its ends (Figure 1). 

Several ways of getting a torque to be overcome 
by the action of a lever were considered, but they were ruled 
out as inadequate because they did not meet one of the most 
important requirements of the experiment, that is, to pro=- 
vide a constant tarsional resistance. For this reason, the 
author decided to use a belt and drum arrangement (Figure 1). 
This provided a frictional torque which seemed to meet the 
requirement. Later, when tie equipment wis built and tested, 
this aseumption was confirmed, The arrangement chosen not 
only allowed the torque to be wpt constant out also permit- 
ted an easy change of torque for successive runs by simply 


varying the spring tension of each seale (Figure 1). 
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Figure 1 


The Equipment used in the Experiment 
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The choles of the range of torques to ba used was 
based on two main considerations: 

(a) using torques usually found in practice; 

(b) the need of providing a reasonable variation among 
the torques in order to have a detectable difference 
in the related times. 

In order to meet the first consideration, the author consul- 
ted different sourees! and finally ooneluded that, in general, 
the terques found in practice are not excessive and that a 
maximum of 150 inch-pounds oauld de used. The difference 
among the torques wags established as 50 ineh-pounis. Lowever, 
for convenience of use of the equipment, the following values 
were finally adopted: 29, 59, &9, 112 and 145 ineh-pounds. 

In ohoosing the lengths of levers to be used in the 
experiment, practical sarees of information were alao consid- 
ered. The author examined the levers on the machine tools in 
the Michael Golden Laboratory of rurdue University; he alse 
checked catalogues of ovdid’. Since the sizes of levers found 
on both machine tools am hand tools range from 4 inehes to 


about 45 inches (the majority being in the range of 10 to 25 


1. Jergens Tool Specialty Co., Catalogue of Jigs and Fixtures 
Component Farts. 
Giewek Tool Division of Domestic Industries, Inc., Clamps, 
Details and Fixtures Locks. 
Chapanis, A., end others (Op. Cit.), pp. S20-S21. 
Davis, le B. (Loo. Cit.). . 
Bandbook of Human Engineering Data - Office of laval ke- 
seerch - Technical Report SDC 199-l-1, Fart VI, Chap. Il, 
sec. III. 


2. Armstrong Bros. Tools Co., armstrong Tools Catal og ue; 
Siewex Tool Div. of Domestic Industries, Inc. (Op. Cit.). 
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inches), the following lengths were adopted: 10, 12, 15, 20 
and 25 inehes (Figure 2). The five levers used in the experi- 
ment were obtained by using an ordinary cosmereial type of 
ratchet wrench (Figure 2) and five extensions made of steel 
pipe. The use of the ratchet wrench was adopted to permit 
the use of a frictional torque without the inconveniences 
which would otherwise cecur due to the periodic reversal of 
the motion of the lever during the test (this motion will be 
deseribed in the l'rocedure). The inconveniences mentioned 
above refer to the slack of the belt and ecconsequent change 
of the torque occurring during each reversal of the motion. 
To measure the tine involved in the operation, the 
Kkymograph? (Figure 1) was used. The time recorded was that 
required to move between two mechanioal steps during several 
cycles. It was important that some mans exist to cheek if 
the operator actually touched doth stops with the lever; 
otherwise, the operation was incorrect and the time measured 
wrong. The pencil of the kymograph was actuated by a s0ole- 
noid which was energized when the lever touched the stop and 
simultaneously closed a switch. The speed of the paper of 


the kymograph was equal to 9.031 incles per sesond, 


l. For a deseription of the kymograph, see -~ Barnes, R. ie, 
"A Study of Hand Notion Using the Yrinciple of the xymo-~ 
graph", University cf Lowa Studies in Engineering, 
Bulletin 6. 
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PROCEDURE 


Ten mile college students were used as subjects. 
Their physical statistics are presented in Table l. 

The position of the operator relative to the 
equipment was given much consideration. In general, 36 
inches is the height most commonly used for control devices 
on atandard mehins tools, Also, the performance of an 
operator facing equipment has been found much better than 
that obtained when he is at right angles to the equipmant*, 
In addition, it has been determined that motions involving 
mainly the elbow joint tend to give higher average velocities 
than those involving the shoulder joint, when the paths are 
similar’. Gertainly, the ideal situation would have been to 
heve the muscular pattern involved in each run exactly the 
same, by varying the position of the operator relative to 
the equipment. However, to do this would make the experiment 
much more involved. Weighing all these factors, a position 


was selected which was kept constant during all the runs for 


an operator. The position was such that the operator stood 


1, Davis, Le B., (Op. Cit.). 


2. Davis, Le H (Ibid,) 
Barnes, 2. &., Mandel, MW. B., "A dtuiy of Notion Peths Iu- 
volving Different Degrees of Change Direction", University 
of lowa Studies in Engineering, Bulletin No. 12, p. 17. 


3. University of Iowa Studies in Engineering (Ibid.). 
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in front of the equipment at a distance equal to his forearm 
length and having his elbow at a height of 16.4 inches (the 
average lever size) above the shaft. In this way, the vari- 
ation of the musoular pattern was very slight and all opera- 
tors had the same position relative to the equipment (plat- 
forms of different heights were used to meet this need). 
During the test, the operstor had to move the lever 
between two mechanical stops performing a certain number of 
cycles during & seconds (this time interval was determined in 
several trial runs and judged sufficient to give a reasonable 
number of cyoles). The choice of this type of motion! was 
established because it seemed to aire ¢ constant performance. 
Before the run, the operator was instructed on the 
operation of the equipment, but due to the simplicity of the 
operation, he did not perform any trial run. The cperator 
was told to operate at the maximum speed that he thought 
possible to maintain for & seconds. He had to grasp the 
lever by its upper end ami start the motion from the left- 
hand stop. He was given three signals: e "stand-by" signal 
before each run; a "start" signal; and a “stop” signal. The 
time was recorded from the instant in which the lever left 
the left-hand stop until the "stop" signal. 
l. For a discussion of hand moticns, see Mundel, U. £., 


"A Study of Rhythm in Hand Motions", Iowa Studies in 
Engineering, Bulletin No. 12, p. 55. 
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Between runs a 3-minute rest pause was given, 
During that time the torque or the lever or both were 
changed followin: «a randomized order of presentation (see 
Table 4, Appendix A}. ‘The purpose of the randomization was 
to deorease as much as possible the influence of that order 
upon the results (a table of random numbers was used to get 
the randomization‘). 

Rach operator performed twenty-five runs using 
five levers to overcome five torques each. At the md of 
the runs, none showed signs of fatigue or reported it when 
asked. 

The operators had no knowledge of their output 
during the experiment; thus, the possible influenee of this 
knowledge upon the musculer work was not present®, 

In getting the results of the tests, a consistent 
procedure waa adopted to interpret the record of each run 
which had been obtained with the kymograph. Jinee several 
trial runs indicated that the operator resched his maximum 
speed, in most cases, after the second cycle and maintained 
this speed during five to seven cycles and then began to 
slow down again, it was decided to measure, in each run, five 


consecutive cycles beginning with the third cycle. Due to 


1. Arkin, H., and Colton, &. R., Ta for Statisticians, 
Barnes and Noble, Ine., ew York, fools 25. 
2. Wagner, Charles 3., "The Effect of KnowLedge of Output 


on Musoular Work", Jour. of Experinental !sychology, 
Vol. XVITI, Ne 1, 1935, PPpe 80-90, 
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the behavior of the ratchet lever, the cycle of operation 
eonsisted of two parts: during one pert, the operator had 
to move the lever against the opposition of the frictional 
terque; during the other, the torque did not affect the 
operation, that is, the operator had practically no load to 
overcome. Only the loaded parts of the cyoles were taken 
into consideration in the analysis of the results. 

A seale of = of one inch was used to measure 
the distance between two jogs in the kymograph record (Fig- 
ure 3). This distance was proportional to the tine spent 
by the operator to perform a semi-cyole; therefore, it was 
not necessary to convert the result into time. Also, the 
absolute values of the intervals of tima themselves were 
unimportant, since the min concern was their relative 
values. Thus, only to plot the curves in Figures 4 and 5 
were time values used. In all other cases, the distances 


obtained with the record given by the kymograph were used. 
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REGULTS 


The results for each combination of torque and 


lever are summarized and shown in Table 2. 


Table 2 


Average Lengths of Five Semi-Cyeles for Each Combination of 
Torque and Lever 


Tor in.- 

Lever 28 59 8g be 145 
10 270.6 263.9 £97 2 522.8 561.0 
12 291.9 306.6 314.8 $31.5 346.5 
15 313.9 332.7 347.7 360.3 $73.8 
20 397.0 412,0 421.6 450.5 461.6 
25 450.9 495.2 507.3 554.5 56702 


All numbers represent multiples of $5 of one inch. 
As shown in Table 2, the l0-ineh lever required the least 


i, whereas, the 


time for all torques except 145 ineh-pounds 
25-ineh lever required the maximum time for all torques. 
Table 5 (Appendix B) presents the results by 
operators for each combination of levers and torques. The 
analysis of variance was used to examine the data. The 


principal steps of this proceedure are shown in Appendix ¢. 


1. However, in Appendix D, it is shown that the minimun 
found with the W-inach lever is not significant. 
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Two groups of curves were plotted using the data 
summarized in Table 3. Also, the best fitting curve was 
determined in each case by means of the method of least 
squares (see Appendix Dj. 

Figure 4 shows the curves (both fitted and ex- 
perimental) for 

t= f(1) for T = constant 
Figure 5 shows the ourves (oth fitted and ex 
perimental) for 
t = F(T) for 1 = constant 
where t = time required to perform five semi-cycles 
1 


length of the lever 
fT = torque 
In order to use tim values on the curves, the 
following was done: 
The values in Table 2 were divided by 451.55, 
that is, by the speed of the kymograph paper expressed in 
fiftieths of one inch per second. Table 3 presents the 


values obtained wiieh were used in the experimental curves. 
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for each combination of torque and lever. 


10 
12 
15 


Table 3 


Average duration, in seconds, of five semi-cycles 


2S 
0.599 


0.6486 
0.695 
0.879 
1.065 


Torque 

59 
0.629 
0.679 
0.736 
0.912 
1.097 


ag 
0.658 
0.697 
0.770 
0.934 
1.123 


11z 
0.715 
0.734 
0.798 
0.953 
1.194 


145 
0.739 
0.767 
0.828 
1.023 
1.256 
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DISCUSSIAN OF RESULTS 


AS ttentioned before, the data were analyzed stat- 
istically by using an anelysis of variance procedure, The 
results of this analysis are summrized in Table 6 of 
Appendix 53, 

The varlenes for torques, levers and individuals, 
respectively, Qe» Q, and Q,, came out strongly s ignificant. 
in Figures 4 and 5 we can easily detect the apparent influence 
of the variation among torques ani levers. 

The so-called interactions, that is, Qpy epg and 
Qe? though still signifieant, are in much less degree and 
thus reveal a much less marked influence. Among these inter- 
actions, that comerned with levers versus individuals is 
the most highly significant. This indicates that, et least 
for this group of operators and set of levers, the variation 
of lever size affected the operation in different ways, though 
the results as eae whole show a common and general trend. The 
interaction concerning torques versus individuals versus 
levers shows the least degree of significance and thus helps 
explain the kind of general result found, that is, a reason~ 
able agreement among performances. 

Let us examine now the curves of Figure 4. They 
are the lines 

t = £(1) for T = constant 
Sinee the straight lines were the best fitting curves, we see 
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that there wea a close proportionality among the lengths 
of the levers and the times required to operate. Because 
ef the proportionality which exists between the lever size 
and the peth thet the hand of the operator had to follow, 
the previous statement amounts to saying that the time 
required to operate the lever waa atrongly dependent on the 
path that the hand followed. Probably, this was the dom 
inant factor effecting the time, 

The fitted curves show that the 10-inch lever re- 
quired the least time to operate under 411 torques; however, 
no conclusion can be drawn for sises smaller than 16 inches. 

Let us examine now the curves of Figure 5, They 
are the lines 

t = F(T) for 1 = constant 
Since straight lines were the best fitting curves, it is 
apparent that there is close proportionality among the times 
and the torques. 
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CusSLUSlONG 


Under the conditions of the experiment and for 


the group of operators who performed the tests, the fol- 


lewing eonclusions may be drawn: 


(a) 


(bd) 


(e) 


(4) 


When the torque increases and the lever size is kept 
constant, the time required to operate increases 
closely proportional to the torque. 

The time required to operate is closely proportional 
to the distance that the hand has to travel. 

The path that the hand has to travel is, probably, the 
predominant factor determining the tine for operation. 
The 10-inch lever requires the minimim time for opera- 
tion and the 25-inch lever requires the maximux time 


for operation. 





AYPENDIX A 


Tables 4a to 4j-- Order of Iresentation 








These tables present the randomized order of presentation 
for each subject. 
The conventions used in Table 5 (Appendix B) were also 


adopted here. 
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4@ - Subject Neo. 5 


Torque No. 
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4h - Sudject No. 8 


Torque to. 





4i - Subject No, 9 


Run NOs 

Lever ) 0. Torque Ho. 
201 206 203 204 205 

3 é 3 . 4 5 
209 208 209 210 

5 4 1 3 2 
211i 212 213 214 215 

4 1 3 5 2 a, 
216 217 218 219 220 

a 3 5 4 2 1 
221 222 223 224 225 


2 4 2 s| ak 3 
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API EStId B 


Tables Sa to 5j -- Reswlts by Operators 


These tables present the results obtained for each operator 
and each combination of torques ani levers, in the five 
measured semi-cycles. They also give the totals of these 
five semi~cyeles. The numbers express flftieths of one inch. 
The following convention was adopted to write the tables: 


Lever Torque 
Length io. Yalue 
I 10 1 28 
il 12 & 59 
Ili 15 3 89 
Iv 20 4 112 
Vv 25 5 145 


Zable Sa 


Subject No. 1 
Lever Torque 4, Xe x, x, ig, =k 

i 1 49 46 45 45 41 226 
2 44 52 46 49 45 £36 

3 48 49 41 49 49 236 

4 50 55 48 43 45 239 

5 69 72 64 63 65 353 

iI 1 51 55 SZ 52 51 259 
2 55 56 Sz 52 56 271 

5 Se) 57 55 56 59 278 

4 55 61 65 55 57 291 

5 56 60 57 59 59 291 

Iit 1 57 55 57 Se 55 276 
2 52 59 57 56 55 £79 

3 65 58 56 53 55 257 

4 64 63 67 61 67 S22 

5 79 69 68 87 67 550 

IV 1 64 62 39 65 65 313 
2 64 65 62 65 70 326 

5 65 60 68 65 68 526 

4 60 60 69 73 65 327 

5 67 65 66 65 64 328 

v i 88 81 87 86 8? 429 
2 84 85 88 85 91 453 

3 95 92 64 102 101 474 

4 95 96 100 9 102 451 

5 97 #8127 95 99 120 558 





Lever Torque 


Il 


ITI 


IV 
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Table 5b 
subject No. 2 
2 % % 
69 61 63 
69 69 62 
78 78 75 
83 74 89 
84 92 86 
67 72 76 
73 73 74 
78 76 73 
85 83 79 
79 90 83 
69 75 69 
82 77 81 
92 84 80 
84 73 89 
$e 95 90 
98 95 95 
105 101 95 
10l 104 #«®150 
105 107 #105 
1l2 107 123 
im 86116 —= «6120 
115 116 £115 
119 «(1250S sd18S 
125 129 134 
141 13@ 131 
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Table Se 


Subject "No, 3 


Xe 
46 
51 
53 
58 
61 


55 
56 
56 
36 
$7 


54 
55 
57 
62 
69 


72 
69 
81 
76 
84 


& 
91 
95 
87 
9S 


X 


92 


120 


K4 
45 
50 
52 
54 
53 


Sz 
57 
54 
56 
52 


35 
56 
57 
62 
65 


7& 
81 
72 
85 
100 


84 
6&6 
87 
89 
92 


49 
59 


49 
53 


60 
3S? 


56 
65 


76 
76 


91 


94 
100 


a 
239 
261 
270 
297 
262 
277 


279 





Lever Jorque 


Iii 


Iv 
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104 
100 


100 
115 


Table 54a 
Subject No, 4 
2 = = 
51 53 53 
57 55 60 
57 61 58 
i) 61 57 
65 64 64 
53 59 56 
60 60 62 
61 él 63 
64 635 68 
60 64 67 
57 34 57 
62 55 36 
65 62 65 
61 64 64 
65 68 70 
77 80 78 
80 76 73 
65 75 86 
83 81 78 
100 79 88 
95 100 $3 
96 99 8 104 
10e 386120 ©=— 107 
112 106 104 
107. #101 £107 


Sl 





Zable Se 
subject Noe 5 


Lever Torme 4 % % % % =k 
I 1 49 41 43 4% ra 221 
2 45 438 48 39 435 223 

3 46 46 49 47 47 235 

e 53 53 53 53 43 258 

3 65 64 64 55 55 303 

9§ 1 48 54 49 47 46 244 
2 48 52 45 49 34 248 

3 S52 52 53 54 50 261 

+ 57 53 60 56 53 279 

3 64 60 60 $2 55 291 

9 O4 1 $2 34 94 55 SL 266 
2 57 534 53 53 56 293 

3 52 59 60 60 60 291 

4 70 59 38 61 60 308 

5 64 62 61 60 61 508 

Iv 1 of 63 63 74 74 328 
2 67 64 68 67 66 382 

° 73 68 64 66 68 341 

4 71 73 68 67 67 546 

3 82 91 Bz 79 81 415 

Vv A 83 84 90 79 77 413 
2 96 99 99 92 95 481 

3 98 83 97 116 98 492 

‘4 100 98 101 127 87 513 

5 142 99 100 99 o7 057 





Lever Torque 


Tit 
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144 
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Table Sf 


nauk t_ No 
= 3 
65 69 
63 69 
69 62 
67 86 
69 76 
71 66 
67 65 
64 68 
68 69 
71 69 
79 69 
797 81 
75 70 
77 78 
73 90 
56 92 
86 91 
95 97 
96 ©6100 
11 112 
109 98 
115 114 
112 119 
120)0=—s 116 
112 116 





il 


IIT 


IV 
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Table 
cubject No. 7 
4 4 & 
44 46 43 
57 53 53 
69 61 $3 
64 63 54 
67 79 74 
53 51 43 
58 57 62 
61 62 65 
69 70 635 
67 74 70 
706 67 63 
76 79 Bé 
99 82 &4 
80 81 al 
83 88 75 
70 67 67 
797 63 75 
&2 61 €1 
91 93 69 
96 79 B81 
81 85 75 
76 95 92 
89 87 87 
98 108 108 

119 838 105 


112 
167 


34 
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Lil 


ubject tio 
2 3 
73 693 
73 78 
76 77 
100 96 
106 96 
$8 65 
66 71 
70 68 
77 76 
72 78 
72 70 
70 72 
68 75 
70 72 
76 73 
81 76 
81 86 
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100 


112 
115 
121 
126 
146 


Zable 5i 


Subject No. 9 
* % & 
50 49 43 
46 49 50 
53 46 48 
64 59 56 
77 72 66 
58 53 54 
635 64 65 
ae 70 63 
68 63 70 
88 80 70 
70 63 62 
70 74 74 
79 76 70 
89 79 80 
64 G4 89g 
99 97 89 
103 1602 94 
104 104 93 
106 161 98 
110 §=10% 105 
113 = 1103 106 
104 115 108 
108 112 #112 
131 1300=s «121 
139 140 #£=140 


650 
704 





4, saae ames was aa a 


Lever forme 4, % % % ye FL 
I 1 S1 53 35 59 57 266 
2 58 50 58 87 57 280 

3 58 61 62 65 70 318 

4 63 62 62 65 57 509 

) 62 37 61 67 65 512 

IT 1 62 59 65 66 62 514 
2 65 63 61 62 65 3186 

3 62 63 64 69 835 Sel 

4 65 64 66 71 668 552 

3 62 71 70 80 77 560 

Tift 1 61 61 65 65 62 314 
2 38 66 65 65 61 515 

3 64 61 61 63 64 $15 

4 71 66 65 67 70 559 

5 67 62 73 70 73 345 

Iv 1 80 81 81 85 83 410 
2 80 38 87 81 77 413 

3 83 72 84 39 90 418 

4 86 83 72 89 88 418 

5 91 89 94 1 82 437 

v Ll 88 87 92 38 92 447 
2 77 78 35 80 67 407 

3 77 62 80 82 88 409 

4 8&8 96 88 88 8S 445 

5 92 84 56 89 89 440 
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APPENDIX C 
Analysis of Variance 


The following steps were cbhserved: 


1. 


ge 


Se 


Computation of the within-cell variation <- 

250 5 250 5 

= (£x*) - = (zx)* 

i il = 

-_— 

where X = each single measurement in a cell; that is, 
@ series of five results corresponding to 
a combination of lever and torque for one 


operator. 
Within-eell variation = 7825974 - 7805599.2 = 22574.8 


Computation of averazve measurement error — 
Average measurement error = 22574,.68 s 22.5748 
1250-250 


<r of variation “n? torques (Qe) - 


£ 

.€.¢€ se = - 

&* 8-4-9595: 5 s-8  -yERs 
where Ty 2 total of all totals far torque i 


; total of all totals for torque £, etc. 


ut 


grand total of these. 
ene - ee 


30375.704 


2 


So 





weed? Vo Letet berry = . 
congas - aneryeas > 


ser veces = 
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4. Computation of variation among levers (Q,) -- 


7. 


. 2 2 Zz 
eff + +t pty +h - ss 
250 
where tT, z total of all totals for lever I, ate. 
? ss grand total of these. 


@= 1906595990 S $145096900 =z 310306.4 
> 


! of veriation among individuals (4¢,) -- 


+7 S eeeette os 


where T, = total of all totals for individual a, ste. 
2 grand total of these. 


<iaege - s1apegsooe = 98531.568 


Computation of voriation for torques versus levers (Api) -- 


. -« «& & z 2 2 
Qe = Tag + Tama + cee + Thy + Ppyt eee + Tey rs ’ 
lll 
“2 *% 
where T,; = total of totals of individuals for torque 1 
and lever I, ete. 


T = grand total of these. 


Seed . at - $0575.704 - 310506.4 = 


1959.176 


8p 


Computation of variation for torques versus individuals 


(pq) — 


2 2 2 2 & 
=T ie +t + 2 + cower G& - - - Q 
a 81 “tsp 
where Tia = total of totals for torque 1 and individual 


a for all levers, ete. 
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sacar aba 
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T = grand total of these. 

Ory = Aessseele - ALB as b08 - $0375.704 - 986551.568 
= 4319 .808 

Computation of variation for levers v-rsaus individuals 

(G5) — 

i= T A Mies Be + toe + TF - is -Q ~ 


where Tie = total sf totels of individual a and lever I 


for all torques, etc. 
T = grand total of these. 


= 193957344 - wakes tow - 310506.4 - 98551.566 


253390. 23 


Computation of variation for torques versus individuals 


versus levers (Qpqy) come 


Oy = Sue of squeres of sums for eath individual on 


one torgue and one lever 


: weg 7 HE He 


Sige » oh ieee = $0375.754 - 310506.4 


96531.565 - 1959.176 ~- 43519.808 - 33390.28 


Spa 


6434.744 


10. Computation of F's for each varistion end test of sig- 


nificance, 


The results ars shown in Table 6 which follows. 


So mel a? 
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on NES AAP TE 
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Table 6 
General sesults of the Analysis 
of Variance 
juantity Value DF, Mear square F <0 
Sp 30375 .704 4 7593.928 336.389 . 
& 310306 .400 4 77576.600 3456.424 * 
Q& 98551 .568 9 10947.952 484.963 . 
Qn 1959.176 16 122.446 5.424 . 
Res 4519 .808 36 119.946 5.315 r 
Qs 33390 . 260 36 927.507 41.086 ” 
win 8434.744 144 53.575 2.595 . 
Error 22574.300 1000 22.575 
“. means: significant value. 
Table 7 
Limits for Levela 5. and 1, 
BF. 
Level 4 s 16 38 144 
5% 2.38 1.89 1.65 1,43 1.23 
1s 3.34 2.43 2.01 1.87 1.33 


Table gives levels for D.F. shown versus D.F. = 1000. 
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APPENDIX D 
Determination of the best representative curves of the 





results of the experiment. 


The mthod of the least aqueres was adopted and 
the following equations used to determine the parameters 
of the straight lines Y = a+ bx; 


b = HE - (2ZX)(zY 
ne - (=X) 


The results founi for the two groups of curves are presented 
in Table 8 and Table 9. It was found by use of the appro- 
priate test thet departure from linearity is not significant 
for the curves t = f(1) and t = F(T). 
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tT) 2 * tee 51D = 2 eevee ot tet 
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Table & 
Slopes and intercepts for the best fitting straight lines 


for t = f(1) for T = constant. 


T 28 59 BY 1lz 145 

a 0.2655 0.2976 0.5235 0.5612 0.4035 

d 0.03129 0.05131 0.05125 0.03149 0.03238 
Table 9 


Slopes em intercepts for the vest fitting straight lines 


for t = f(1) for 1 #« constant. 


1 LO 12 15 20 25 
a 9253557 0.6154 0.6670 0.8409 1.0039 
b 2.001690 0.061051 Q.001137 0.001146 0.001628 
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